Introduction {#Sec1}
============

Arsenic (As) contaminates soil and groundwater in various areas throughout Sweden due to past industrial activities, such as glass works and wood impregnation, and other metals, such as chromium (Cr), copper (Cu), and zinc (Zn), occur as co-contaminants at varying concentrations in some of these sites (Bhattacharya et al. [@CR5]; Lov et al. [@CR30]; Hagner et al. [@CR18]).

Arsenic is commonly removed from contaminated water by adsorption onto reactive media. Iron (Fe) oxides have an affinity for arsenates and are known to be effective and potentially inexpensive adsorbents for use in treating As-contaminated water (Carabante et al. [@CR11]; Ahmad et al. [@CR1]). To avoid clogging of filters (Mohan and Pittman [@CR33]) and to overcome low hydraulic permeability (Theis et al. [@CR42]), Fe-containing filters are commonly produced by coating Fe oxides onto a bulk material, such as sand (Devi et al. [@CR16]; Wang et al. [@CR44]; Callegari et al. [@CR10]) or activated carbon (Yurum et al. [@CR47]; Mondal and Garg [@CR34]), where there are advantages of using activated carbon instead of sand because it also targets other contaminants.

Peat is among the numerous natural materials that has a metal adsorption capacity (Chaney and Hundemann [@CR12]), and it can be coated with Fe oxides without employing an activation step (in contrast to many of the materials used to produce activated carbon). As shown by Kasiuliene et al. ([@CR25]), combining peat with Fe results in a versatile sorbent that can simultaneously target both cationic and anionic contaminants. This preparation provides the potential of utilising by-products and/or waste materials when manufacturing the adsorbent. Peat as waste can occur from the production of energy and electricity, or from agriculture, horticulture, and water filtration processes, and iron by-products can be obtained from the steel industry. In this respect, utilisation of by-products and waste materials is an environmentally sustainable practice that contributes to a circular economy.

Landfilling is often the preferred option for spent adsorbents that bear inorganic contaminants (Mohan and Pittman [@CR33]). The most common method to determine landfill type for waste acceptance is the compliance batch leaching test when waste is exposed to a leachant for 24 h under aerobic conditions (Council Directive [@CR15]/31/EC, Annex II). The purpose of the test is to simulate the leaching potential of the waste placed in landfill. However, landfills normally provide anaerobic conditions, unlike the aerobic conditions that are present in the standardised leaching test, and thus the standardised leaching test will not always adequately address the actual leaching potential of investigated waste.

In a low redox environment, arsenates (As(V)) can be reduced to arsenites (As (III)), which are more mobile and toxic (Corvin et al. [@CR13]). Whereas, Cr (VI) can undergo very rapid changes to poorly soluble Cr (III) if redox potential drops (Hausladen and Fendorf [@CR19]). Zinc, and especially Cu, usually remains insoluble as precipitates in a landfill environment (Jambeck et al. [@CR22]). The solubility of metal (loid)s can change due to water infiltration and the influx of oxygen (O~2~) into the landfill site, and due to changes in biological activity (Bozkurt et al. [@CR7]). This necessitates leachate treatment leading to a perpetual cycle. Thus, when evaluating metal (loid) releases from landfills over a long-time, abiotic factors such as redox potential need to be seriously considered.

This study firstly aimed to investigate the potential of simultaneous metal (loid) removal from solution through adsorption on iron-peat, where the sorbent was made from peat and Fe by-products. Up-flow columns filled with the prepared sorbent were used to treat water contaminated with As, Cu, Cr, and Zn. The second aim of this study was to evaluate metal (loid) leaching from the spent sorbent at reducing conditions, with the objective of assessing the behaviour of the spent sorbent if it were to be landfilled. For this purpose, a standardised batch leaching test and leaching experiment at reducing conditions were conducted.

Material and methods {#Sec2}
====================

Preparation of sorbents {#Sec3}
-----------------------

Heat-treated peat powder was obtained from Geogen Produktion AB, Sweden. The company produces heat-treated peat granulates as an environmentally compatible oil-adsorption agent, and particles smaller than 2 mm are discarded during its production. Ferric-ferrous hydrosol provided by Rekin, Lithuania, was used to coat the peat. The hydrosol was a colloidal suspension of Fe (II) and Fe (III) hydrated compounds; it is produced from Fe waste during the process of electrolysis and acts as a binder for wastewater pollutants. The peat powder was then thoroughly mixed with the ferric-ferrous hydrosol at a ratio of 1*w*:1*w*, with a small amount of water added for homogenisation.

To verify that both peat and Fe are required for the simultaneous removal of cations and anions, in the following experiments, two control sorbents were used: i) sand, with a particle size of 0.5--1.0 mm, coated with ferric-ferrous hydrosol (1*w*:4*w*) and ii) uncoated peat. Hereinafter, coated peat powder is referred to as 'iron-peat', coated sand as 'iron-sand', and control peat powder as 'peat'.

All sorbents were then dried at 35 °C for 24 h before being used as up-flow column fillers. Total solids (TS) and loss on ignition (LOI) were subsequently determined following standard procedures (ISO 11465: 1993); the specific surface area was determined according to the Brunauer--Emmett--Teller (BET) nitrogen (N~2~) adsorption isotherm technique (where N~2~ adsorption was conducted at 77 K) using an ASAP 2020 micropore analyser (Micrometrics).

Column adsorption experiment {#Sec4}
----------------------------

A known mass of dry peat (110 g), iron-peat (134 g), and iron-sand (546 g) sorbents was sealed into high-density polyethylene columns (45 mm × 200 mm) with a bed volume (BV) of 0.32 L. The inlet hose was connected to a container holding a metal (loid) solution, which is hereafter referred to as the 'inlet solution', and the outlet hose was connected to a sample collection bottle that was air-tight and dark to avoid Fe oxidation. The experiment was performed in triplicate. The flow rate was set at 1.2 mL min^−1^. The eluate was sampled daily, and electrical conductivity (EC) (CDM 10, Radiometer Copenhagen), pH (pH 340, WTW), and Eh (CDM 10, Radiometer Copenhagen) were measured immediately after sampling. Subsamples for metal (loid) analysis were filtered through 0.45-μm cellulose filters, acidified and analysed using inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 8300, Perkin-Elmer). The experiment was stopped after 60 days; the columns were then opened and the spent sorbents were laid out to dry at 35 °C for 24 h. The total metal (loid) concentrations in the sorbents before and after the filter experiment were determined with ICP-OES after wet digestion with *aqua regia* in a microwave (CEM Mars 5) at 190 °C.

The metal (loid) solution was prepared from analytical grade chemicals: NaH~2~AsO~4~ (Honeywell Riedel-de Haën AG, 99%), K~2~Cr~2~O~7~ (VWR International, 99.9%), CuCl~2~·2H~2~O (Merck, 99%), and ZnCl~2~ (Merck, 98%). Metal (loid) salts were dissolved into 0.1 M potassium nitrate (KNO~3~, VWR International, 100%) solution, and the solution pH was set to 5.0 using 0.1 M hydrochloric acid (HCl, Merck, 37%). Initial metal (loid) concentrations in the solution were determined using ICP-OES, and detection limits were 0.002 mg L^−1^ for As; 0.001 mg L^−1^ for Cr, Cu, and Zn; and 0.014 mg L^−1^ for Fe. The inlet solution contained 0.88 ± 0.07 mg L^−1^ of As and 4.1 ± 0.4 mg L^−1^of Cr, Cu, and Zn.

Standardised leaching test {#Sec5}
--------------------------

A batch leaching test at a liquid-to-solid (L/S) ratio = 10, following procedure described in the Council Decision [@CR14]/33/EC, was performed with spent sorbents that were obtained after conducting the column adsorption experiment. Samples were leached with ultra-pure water for 24 h using an end-over-end rotator, then filtered and immediately analysed for pH, EC, and Eh. Metal (loid) concentrations were determined using ICP-OES. A total organic carbon analyser (TOC-L series, Shimadzu) was used to determine the dissolved carbon (DC) content of the leachates. The detection limits for dissolved organic carbon (DOC) and for dissolved inorganic carbon (DIC) were 4 μg L^−1^.

Leaching test at reducing conditions {#Sec6}
------------------------------------

Spent sorbents and ultra-pure water at L/S = 10 were sealed in 1-L glass bottles, and each replicate contained material from a separate column filter. Air in the bottles was exchanged with a methane (CH~4~) and carbon dioxide (CO~2~) gas mixture (50:50), and the bottles were placed in a dark cabinet at a temperature of 30 ± 3 °C. For sampling, 5--6 mL of the liquid was taken through a long needle inserted into the bottles, and the liquid was then measured immediately for Eh, pH, and EC. Subsamples were filtered, acidified, and analysed using ICP-OES for metal (loid)s. Gasses in the bottles were supplemented with the CH~4~ and CO~2~ mixture after sampling the liquid. The gas composition (CO~2~, O~2~, N~2~, and CH~4~) was analysed at the end of the experiment using a gas chromatograph (Clarus 500) to verify the presence of reducing conditions. The detection limit was 100 ppm for all gases. At the end of the experiment, the DOC content was determined as described in the "[Standardised leaching test](#Sec5){ref-type="sec"}" section. The experiment lasted 200 days.

Landfill gas production {#Sec7}
-----------------------

A biochemical methane potential (BMP) test was conducted in 100-mL gas-tight serum bottles. The inoculated medium contained ultra-pure water, 2 mL of nutrients (Cederroth Nutrient Bloom containing *N*~total~ 5.1 g, potassium (K) 4.3 g, calcium (Ca) 0.3 g, phosphorus (P) 1 g, sulphur (S) 0.4 g, magnesium (Mg) 0.4 g, Fe 35 mg, manganese (Mn) 20 mg, boron (B) 10 mg, Zn 3.0 mg, Cu 1.5 mg, and molybdenum (Mo) 0.4 mg; diluted at the ratio 1:10) per 1 g TS of the spent sorbent, and the inoculum (comprising sewage sludge after anaerobic digestion), which was added at a ratio of 3*w*:1*w* of the volatile solids (VS). Calculation of VS was based on LOI (loss on ignition) analysis. Spent sorbent samples corresponding to 3 g of TS were added into the bottles together with the medium, and the bottles were sealed and incubated at 30 °C. Control bottles contained only the inoculated medium. The volume of gas produced was measured regularly. Since iron-sand contained only a negligible fraction of VS (\< 1%), it was not used in the BMP test because it was assumed that it would produce negligible amounts of landfill gases.

Speciation analysis {#Sec8}
-------------------

The Cr speciation in column adsorption samples was determined after 5 and after 50 days of the experiment as well as in the inlet solution. Determination of total Cr and Cr (VI) was done by ion chromatography, and Cr (III) was calculated from measured values. The detection limit for the total Cr and Cr (VI) was 0.4 μg L^−1^.

The As speciation in leachate samples was determined after the standardised batch leaching test and after the low redox experiment final sampling (after 200 days). Samples were analysed using liquid chromatography-inductively coupled plasma mass spectrometry. The detection limit for As (III), As(V), and dimethylarsinic acid (DMA) was 0.1 μg L^−1^; and that for methylarsonic acid (MMA) was 0.2 μg L^−1^.

Samples were kept frozen in plastic bottles prior to analysis. Both Cr and As speciation was done at an accredited laboratory (ALS Scandinavia).

Statistics {#Sec9}
----------

The data were processed using an analysis of variance (ANOVA) test with the software Minitab 18. A two-sample *t* test (*p* \> 0.05) was applied to differentiate between sample means.

Results {#Sec10}
=======

Performance of column filters {#Sec11}
-----------------------------

Three sorbents (peat, iron-peat, and iron-sand) were tested in up-flow columns for adsorption of contaminants from a solution. The metal (loid) contents of freshly prepared sorbents obtained prior to the adsorption experiment are presented in Table [1](#Tab1){ref-type="table"}. Peat-based sorbents contained 21--22 mg As kg^−1^. Arsenic is an intrinsic element in peat, with concentrations ranging from 1 ng L^−1^ (Stepanova et al. [@CR39]) up to 1800 mg kg^−1^ (Langner et al. [@CR28]). Peat contained low levels of Cr and Cu, which increased in iron-peat and iron-sand due to the ferric-ferrous hydrosol coating, where Cu and Cr may occur as impurities. Zinc was present both in peat and in sand. Uncoated peat contained approximately 10 g Fe kg^−1^, but the content of Fe in iron-peat (due to the coating) increased to 57 g kg^−1^. Peat sorbent had the lowest BET specific surface area 1.19 ± 0.02 m^2^ g^−1^, followed by iron-sand at 1.40 ± 0.01 m^2^ g^−1^, and iron-peat sorbent had the largest surface area of 2.16 ± 0.03 m^2^ g^−1^.Table 1Average metal (loid) concentrations in the fresh and spent sorbents ± standard deviation, mg kg^−1^ dw (*n* = 3)MaterialAsCrCuFeZnFresh peat21.2 ± 0.83.07 ± 0.12\< 0.212.316 ± 24130.1 ± 3.1Fresh iron-peat21.1 ± 1.916.4 ± 1.228.2 ± 0.356.082 ± 146331.4 ± 2.8Fresh iron-sand\< 0.420.4 ± 2.332.1 ± 2.232.527 ± 192744.0 ± 5.5Spent peat451 ± 714132 ± 6064374 ± 94112.788 ± 3544456 ± 447Spent iron-peat1010 ± 1834036 ± 4533960 ± 77854.956 ± 24873374 ± 184Spent iron-sand123 ± 7232 ± 18256 ± 1531.069 ± 1131122 ± 17

Table [2](#Tab2){ref-type="table"} presents the average EC and pH values in the eluates determined throughout the column experiment, in addition to average Eh values at the beginning and end of the experiment. At the beginning of the experiment, pH slightly above 4 was observed in peat-based eluates; acidic pH is typical for peat. The pH was above 2 in the iron-sand eluate; low pH resulted from acidic ferric-ferrous hydrosol. After 3 weeks, the pH of all eluates increased, and became 5.3 ± 0.2 (on average) which is similar to the pH of the inlet solution. EC of the eluates remained at the same level as within the inlet solution (10.9 ± 0.1 mS cm^−1^).Table 2Average EC, Eh, and pH values in the eluates ± standard deviation (*n* = 3)MaterialEC, mS cm^−1^pHEh, mVStartEndPeat10.7 ± 0.45.5 ± 0.3253 ± 4147 ± 7Iron-peat10.9 ± 1.55.1 ± 0.3291 ± 8163 ± 2Iron-sand10.9 ± 1.25.2 ± 0.3521 ± 5308 ± 8

Figure [1](#Fig1){ref-type="fig"} presents relative metal (loid) concentrations (*C*/*C*~0~) over the cumulative L/S ratio. The *C*/*C*~0~ value shows the ratio between the metal (loid) concentration determined in the eluent versus the concentration in the inlet. In case the *C*/*C*~0~ ratio was higher than unity, desorption started to occur; thus, the eluent contained higher metal (loid) concentration than present in the inlet solution. Cumulative L/S ratio was chosen as a unit to express time line of the experiment. Weight of the solids (S) was fixed, whereas volume of the liquid (L) that passed through each column was increasing; therefore, the cumulative L/S ratio was increasing as well. Guideline values for the drinking water suggested by the World Health Organization (World Health Organization [@CR46]) were used as breakthrough points, and relative *C*~WHO~/*C*~0~ values are represented by the horizontal lines in Fig. [1](#Fig1){ref-type="fig"}. The columns were filled with the same sorbent volumes, but the masses differed. A large fraction of the iron-sand was inert, and it was assumed that the sand did not affect the adsorption of metal (loid)s. To simplify a graphical presentation of the adsorption curves, the iron-sand mass was normalised, where the mass of sand was subtracted from the mass of iron-sand.Fig. 1Relative metal (loid) concentrations (*C*/*C*~0~) over the cumulative L/S ratio during the column adsorption experiment. Error bars represent the standard deviation of the mean (*n* = 3). Inset figures in (a) and (b) show magnified curves at low concentrations of As and Cr. Straight vertical line denotes guideline values for drinking water proposed by WHO

When peat was used as a sorbent, WHO drinking water guideline for As (10 μg L^−1^) was not met (Fig. [1](#Fig1){ref-type="fig"}a), and although the sorption capacity of 104 mg As g^−1^ sorbent was maintained until 4.3 BV of the contaminated solution was processed, the sorbent gradually lost its efficiency. When using iron-peat, it was possible to maintain a sorption capacity of 133 mg As g^−1^ sorbent for 220 BV before it began to lose efficiency and exceeded the WHO guideline value. Iron-sand showed a similar sorption capacity for 256 BV.

Throughout the experiment, peat showed a sorption capacity of 106 mg Cr g^−1^ sorbent (Fig. [1](#Fig1){ref-type="fig"}b), but it was too weak to meet the WHO guideline value for Cr (50 μg L^−1^). The average sorption capacity of iron-peat was 132 mg Cr g^−1^ sorbent, and 245 BV of the contaminated solution was processed below the WHO guideline value. However, when using iron-sand, it was possible to treat approximately 10 BV below the WHO guideline value, until the sorbent gradually lost its Cr adsorption efficiency.

Peat-based sorbents adsorbed Cu (Fig. [1](#Fig1){ref-type="fig"}c) with \> 99% efficiency, and Cu in the eluate did not exceed the WHO guideline value (2 mg L^−1^). The average sorption capacity of peat was 109 mg Cu g^−1^ sorbent and that of iron-peat was 134 mg Cu g^−1^ sorbent, whereas iron-sand showed a Cu removal efficiency lower than 90%, with a decreasing tendency throughout the experiment.

No health-based guideline value has been proposed by WHO for Zn in drinking water. Peat and iron-peat adsorbed Zn with an efficiency of \> 90% for 175 and 146 BV, respectively (Fig. [1](#Fig1){ref-type="fig"}d). The average sorption capacity of peat was 102 mg Zn g^−1^ sorbent and that of iron-peat was 118 mg Zn g^−1^, whereas iron-sand was ineffective in adsorbing Zn. Furthermore, at the beginning of the column experiment, Zn was leached out from the sand.

The Fe concentrations in eluates from peat and iron-peat were below 0.2% of total Fe, as determined in the fresh sorbents (Table [1](#Tab1){ref-type="table"}). In the first litre of eluate from the iron-sand columns, the Fe concentration corresponded to 1.05% of the total Fe concentration in the fresh sorbent, whereas the concentration later decreased and remained below the detection limit throughout the experiment.

### Speciation of Cr {#Sec12}

All Cr determined in the inlet solution appeared as Cr (VI). The same was observed for the eluate samples after the first 5 days; Cr (III) was below detection limits. After 50 days of the column experiment, eluates from spent peat contained 2.28 mg L^−1^ of total Cr and Cr (VI) corresponded to 84%; eluates from iron-peat contained 1.31 mg L^−1^ of total Cr and Cr (VI) was 65%; the Cr concentration in iron-sand eluates was 4.44 mg L^−1^ and no Cr (III) was detected.

Characterisation of spent sorbents {#Sec13}
----------------------------------

Loss on ignition analysis showed that spent peat and iron-peat sorbents contained 93.5 ± 0.5% and 83.3 ± 0.9% of VS, respectively, whereas the VS fraction in iron-sand was \< 1%. The biochemical methane potential estimates the amount of landfill gas produced during anaerobic degradation of organic waste fraction in landfill. Over a time-span of 150 days, the control produced 23--25 mL gas g^−1^ VS, whereas spent peat and iron-peat produced significantly less gases (5--7 mL gas g^−1^ VS).

Total metal (loid) concentrations in the spent sorbents are presented in Table [1](#Tab1){ref-type="table"}.

### Standardised batch leaching test {#Sec14}

After the batch leaching test, the following Eh values were measured: spent iron-sand at 174 ± 24 mV, spent peat at 188 ± 22 mV, and spent iron-peat at 210 ± 37 mV. All leachates had a slightly basic pH of 7.6 ± 0.3, and the EC values of the spent peat and iron-peat leachates were similar (116 ± 13 μS cm^−1^), whereas that of iron-sand leachates was 6.8 ± 1.3 μS cm^−1^.

Metal (loid) concentrations determined in the leachates are presented in Table [3](#Tab3){ref-type="table"}. Percentage of the total adsorbed metal (loid) concentrations (Table [1](#Tab1){ref-type="table"}) is also presented in Table [3](#Tab3){ref-type="table"}. The concentrations are compared with the limit values set for waste acceptance at different landfill types according to the Council Decision [@CR14]/33/EC.Table 3Average metal (loid) concentrations (mg kg^−1^, dw) leached from the spent sorbent during standardised batch leaching test ± standard deviation (*n* = 3), percentage \[%\] from adsorbed concentrations, and limit values for different landfill types (mg kg^−1^, dw)MaterialAsCrCuFeZnPeat42.8 ± 7.9 \[9.5%\]3.71 ± 0.32 \[0.1%\]7.17 ± 1.15 \[0.2%\]11.4 ± 3.8 \[0.1%\]2.36 ± 0.47 \[0.1%\]Iron-peat9.88 ± 4.6 \[1.0%\]3.65 ± 0.94 \[0.1%\]6.96 ± 2.83 \[0.2%\]62.3 ± 24.2 \[0.1%\]1.99 ± 0.85 \[0.1%\]Iron-sand2.38 ± 1.9 \[1.9%\]3.82 ± 1.13 \[1.6%\]2.28 ± 4.31 \[0.9%\]\< 0.001 \[\< 0.0001%\]1.72 ± 2.01 \[0.4%\]Non-hazardous waste21050--50Hazardous waste2570100--200

Nearly 10% of the adsorbed As was leached out from the spent peat sorbent, and the concentration in the leachate exceeded limit values for waste acceptable at hazardous waste landfills. However, leaching of Cr, Cu, and Zn remained \< 1%, and was below the limits for non-hazardous waste landfills. Arsenic concentrations in the leachates of spent iron-peat and iron-sand sorbents defined that they could be deposited at landfills for hazardous waste. Iron-peat contained almost eight times more adsorbed As than iron-sand, but leaching from spent iron-peat was weaker. Leaching of Cr, Cu, and Zn from spent iron-peat were \< 0.2% from the adsorbed content. Iron-sand leached significantly higher concentrations of Cu and Zn, and these concentrations were even more significant for Cr (1.6% from adsorbed). Leaching of Fe was minimal, especially in the case of iron-sand.

In addition to metal (loid) s, leaching of DOC was also determined. The DOC value for spent peat was 589 ± 39 mg kg^−1^, and for spent iron-peat, it was 417 ± 75 mg kg^−1^. Both values were below the limits for non-hazardous waste landfills.

### Metal (loid) leaching at reducing conditions {#Sec15}

The gas composition analysis identified which samples had other than landfill gases present in the bottles (Table [4](#Tab4){ref-type="table"}). The gas composition was only measured at the end of the low redox leaching experiment. In the case of the spent peat, only one replicate out of three (peat-1) had a CH~4~ atmosphere, but O~2~ represented 5% of the total gas composition. The ratios between N~2~ and O~2~ differed in all three replicates with the spent peat, which indicates the possible occurrence of other unidentified reactions. Methane was detected in all spent iron-peat replicates, and there was no detectable O~2~. In the case of spent iron-sand, only one replicate (iron-sand-3) contained CH~4~, but O~2~ was also present at a high concentration of 11%. The ratio of N~2~ to O~2~ was similar in all bottles.Table 4Gas composition (%) in the low redox samplesMaterialCO~2~O~2~N~2~CH~4~N~2~/O~2~Peat-131532336.40Peat-213137215.53Peat-320674012.3Iron-peat-13113335nd^a^Iron-peat-22815516ndIron-peat-33213532ndIron-sand-11207713.85Iron-sand-21217623.61Iron-sand-3131140363.63^a^Not detected

Determining the distinct gas composition in replicates of the same sample provided valuable insights into the different leaching behaviour of the analysed metal (loid)s. Changes in pH, Eh, and EC throughout the low redox experiment are presented in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2pH, Eh, and EC changes throughout the low redox experiment. A, b, c---represent triplicates with the spent peat; d, e, f---represent triplicates with the spent iron-peat; g, h, i---represent triplicates with the spent iron-sand

pH remained circum-neutral most of the time and showed no obvious influence from the gas composition (Fig. [2](#Fig2){ref-type="fig"}a, d, g).

Redox potential was approximately 200--270 mV in peat-based spent sorbent samples at the beginning of the experiment (Fig. [2](#Fig2){ref-type="fig"}b, e), but it then gradually dropped to 40--60 mV in replicates with a CH~4~ atmosphere. When O~2~ was present (peat-2, -3), Eh remained at a level similar to that at the beginning of the experiment, which indicated that a low redox condition had not been reached. Only iron-sand-3 maintained the CH~4~ atmosphere, whereas Eh decreased in all iron-sand replicates (Fig. [2](#Fig2){ref-type="fig"}h).

Electrical conductivity in the spent peat and iron-peat samples was approximately 190--240 μS cm^−1^ at the beginning of the experiment, and it increased continually thereafter (Fig. [2](#Fig2){ref-type="fig"}c, f). However, peat-1 showed a significantly higher EC than the other spent peat replicates. Spent iron-sand (Fig. [2](#Fig2){ref-type="fig"}i) underwent an EC increase from 47 to 105 μS cm^−1^.

The DOC content was not affected by gas composition. For spent peat, the DOC was 494 ± 4 mg kg^−1^, and for spent iron-peat, it was 483 ± 20 mg kg^−1^.

Metal (loid) concentrations in the leachates during the low redox experiment are shown in Fig. [3](#Fig3){ref-type="fig"}. The results are split depending on whether CH~4~ (or O~2~) existed in the replicates or not.Fig. 3Metal (loid) leaching from spent sorbents throughout the low redox experiment. Peat-1, single replicate at reducing conditions; peat-2-3, average of two replicates at oxidising conditions; iron-peat, average of triplicate at reducing conditions; iron-sand-1-2, average of two replicates at oxidising conditions; iron-sand-3, single replicate at reducing conditions. Error bars represent the standard deviation of the mean (*n* = 2--3)

The concentrations of As (Fig. [3](#Fig3){ref-type="fig"}a) in all spent peat replicates were above the acceptance level for hazardous waste landfills (Table [3](#Tab3){ref-type="table"}). After 200 days, 60% of the adsorbed As had been leached out from the peat-1 replicate, but a substantially lower amount (22%) of adsorbed As had been leached out from peat-2 and -3 by the end of the experiment. Leaching of As from the spent iron-peat was significantly lower than that from spent peat at reducing conditions (peat-1); although only 5.8% had been leached out at the end of the experiment, it was above the limit of disposal in hazardous waste landfills. Approximately 8% of the adsorbed As had been leached out from iron-sand-3, whereas only 3.8% of the adsorbed As had been leached at oxidising conditions (iron-sand-1, -2).

Leaching of Cr (Fig. [3](#Fig3){ref-type="fig"}b) from the peat-based spent sorbents was significantly higher at reducing conditions (peat-1 and iron-peat) in comparison with the peat-2, -3 replicates. In all cases, Cr leaching continuously increased, and by the end of the experiment, Cr concentrations of leachates were above the limit of hazardous waste landfills. However, an opposite trend was shown for Cr leaching from the spent iron-sand samples: concentrations were higher at the beginning of the experiment than at the end. However, differences in Cr leaching between samples with O~2~ (iron-sand-1, -2) and those without it (iron-sand-3) were insignificant.

The amount of Cu leached (Fig. [3](#Fig3){ref-type="fig"}c) from spent peat and iron-peat was very similar throughout all experiments, and the presence of O~2~ in the sample had no large effect on Cu leaching. However, Cu concentrations in the leachates continually increased, and after 50 days, the Cu concentration exceeded the limit of non-hazardous waste landfills. In the case of iron-sand, Cu concentrations in leachates remained at the same level throughout the experiment; however, the Cu concentration in the leachate from iron-sand-3 was up to seven times higher than those for iron-sand-1 and -2, and more than 3% of the adsorbed Cu was leached out from iron-sand at reducing conditions.

Leaching of Zn (Fig. [3](#Fig3){ref-type="fig"}d) from spent peat-based sorbents increased throughout all experiments, and after 50 days, the Zn concentration in leachates had already exceeded the limit of non-hazardous waste landfills. Reducing conditions had no effect on Zn leaching, but if based on Zn leaching only, spent iron-sand could be considered suitable for disposal at landfills for inert waste.

In the case of spent peat at reducing conditions (peat-1), 1.7% of Fe had been leached out at the end of the experiment and Fe concentrations in the leachate had gradually increased. Approximately 1.4% of Fe leached out from peat-2 and -3 during the first 50 days, and the levels remained the same level for the continued duration. Iron-peat had a manifold higher Fe content compared with the peat sorbent, but only 0.52% of Fe had leached out by the end of the experiment. However, Fe concentration in the leachates constantly increased. Iron concentrations in leachates from spent iron-sand were minimal and remained below 0.01% of the total Fe content.

### Speciation of As {#Sec16}

Arsenic speciation was determined in the leachates, which were obtained after completing the standardised batch leaching test and after the final low redox experiment sampling. Both MMA and DMA were found to be below the detection limit in all samples. Concentrations of As (III) and As (V) are presented in Table [5](#Tab5){ref-type="table"}.Table 5Speciation of As in the leachates (mg kg^−1^, dw) after standardised batch leaching test and low redox experiment ± standard deviation if possible (*n* = 2--3)MaterialConcentration of speciesAs (III)As(V)Standardised batch leaching test, L/S = 10  Peat2.53 ± 0.276.18 ± 4.47  Iron-peat1.57 ± 1.193.29 ± 2.22  Iron-sand\< 0.0010.069 ± 0.009Low redox experiment  Peat-1^a^18.637.3  Peat-2, -3^b^\< 0.00161.7 ± 36.1  Iron-peat^c^7.84 ± 0.3918.4 ± 5.7  Iron-sand-1, -2^d^\< 0.0010.274 ± 0.056  Iron-sand-3^e^\< 0.0010.178^a^Single replicate at reducing conditions^b^Average of two replicates at oxidising conditions^c^Average of triplicate at reducing conditions^d^Average of two replicates at oxidising conditions^e^Single replicate at reducing condition

At reducing conditions (peat-1), As (III) corresponded to approximately 33% of all the detected As species. However, in the presence of O~2~ (peat-2, -3), the As (III) concentration was below the detection limit and only As(V) was detected. In iron-peat samples, the amount of As (III) corresponded to approximately 30% of all determined As species.

The reducing conditions had no significant effect on As speciation in iron-sand samples. Arsenate was dominant in the leachates, and the concentration of As (III) was below the detection limits.

Discussion {#Sec17}
==========

Efficiency of sorbents {#Sec18}
----------------------

Adsorbents used to clean metal (loid) contaminated water need to be efficient and sustainable, which means that the cost of treatment should be balanced to provide both environmental and social benefits. Replacing virgin materials with residual materials when producing adsorbents increases the sustainability of the treatment. Therefore, adsorption onto low-cost particulate media, such as peat waste, is an attractive and inexpensive option for removing dissolved metals, especially divalent cations (Brown et al. [@CR8]). At least 100 kt of peat is produced every year in Sweden (Statistics Sweden [@CR38]), and this is mainly used in the production of electricity and energy, agriculture, horticulture, and water filtration. Peat residue is mainly obtained while milling, pelletising, and making briquettes from sod peat. However, as it usually exists as a fine powder, it is difficult to use this waste material again in the production line, as fine powders are difficult to handle and create dust problems. Nevertheless, utilising peat residuals as sorbents would decrease the volume of waste that needs management.

The heat-treated peat used in this study shows a strong potential for adsorbing divalent metal cations from contaminated solution. In the column adsorption experiment, the sorption capacity of Cu onto peat remained \> 99% after processing approximately 312 BV of the contaminated solution, which indicates that the sorbent's potential towards Cu had not been exhausted. It is considered that the favourable pH of around 5 in the metal (loid) solution is the likely reason for the efficient adsorption of Cu by peat (Ho et al. [@CR21]). However, although the average sorption capacity of Zn onto peat was 102 mg Zn kg^−1^ sorbent, the sorbent started to become exhausted after processing 165 BV of the contaminated solution. There could be two possible explanations for this: first, the efficient adsorption of Zn on peat occurs at a pH range of 7--9 (Brown et al. [@CR8]), and the contaminated solution used in the column adsorption experiment had a pH of about 5, which could be too low for substantial formation of carboxylate complexes with Zn (Bonnet and Cousins [@CR6]). Second, it has been reported that competitive adsorption occurs between Cu and Zn ions for adsorption sites on peat (Duran-Jimenez et al. [@CR17]).

The effective adsorption of Cr (VI) species onto peat is known to be around pH 1.5--3.0, and the effectiveness decreases with an increase in the pH value (Sharma and Forster [@CR37]; Koloczek et al. [@CR26]). In our case, more than 90% of inlet Cr was adsorbed onto peat-based sorbents at a pH of about five throughout the column adsorption experiment. From the decreasing Eh values that were determined in leachates during the column adsorption experiment (Table [2](#Tab2){ref-type="table"}), it can be assumed that Cr (VI) was reduced to Cr (III). This observation was confirmed by the Cr speciation analysis, when a significant part of Cr in eluates towards the end of column experiment was determined as Cr (III). At a pH of above 3.7, the predominant species of Cr (III) are positively charged ions, Cr^3+^, which are mostly adsorbed onto hydroxylic groups present on the surface of peat (Koloczek et al. 5). In this respect, a pH range of 4.0--5.5 is the most favourable for efficient Cr (III) adsorption onto peat (Balan et al. [@CR4]).

Adsorption of As onto peat was weaker than Cr, Cu, and Zn. Although, peat adsorbed nearly 50% of inlet As throughout the column adsorption experiment, a rapid loss of efficiency was observed after 3 days. The interaction between As and natural organic matter is a complex process and scientific literature provides several hypothesis about such binding mechanisms. For example, it is hypothesised that As can form covalent carbon-As bonds directly with organic matter (Buschmann et al. [@CR9]) or through organic functional groups, such as hydroxyl groups (Warwick et al. [@CR45]). It is widely suggested that metal cations (e.g. Fe) act as bridges between As and organic matter, forming ternary complexes (e.g. Mikutta and Kretzschmar [@CR32]; Mak and Lo [@CR31]). However, in Sundman ([@CR40]) and Sundman et al. ([@CR41]), it is stated that it is hard to find spectroscopic evidence for the existence of As(V)-Fe (III)-organic matter complexes even at high Fe and As concentrations.

In this study, the adsorption of As substantially increased when peat particles were coated with Fe. This increased adsorption of As onto iron-peat can be explained by the increase in the specific surface area (obtained by the BET method), which is one of the most important factors affecting sorption; the specific surface of iron-peat was by 1.8 times higher than uncoated peat. Furthermore, As has a high affinity for interacting with Fe hydroxides, and it is thus obvious that the sorbent with the highest Fe content and the largest specific surface area would have the highest As adsorption potential. However, the adsorption of Cr, Cu, and Zn onto iron-peat was slightly lower (up to 10--15%) than that of peat, and it is likely that coating peat with Fe resulted in blocking some of the organic groups. Nevertheless, the removal of cations remained within an acceptable range.

Iron-sand had a lower specific surface area than iron-peat. However, although the Fe content was also lower in iron-sand (3.25 g kg^−1^ vs 5.60 g kg^−1^), the sorption capacity was similar to that of iron-peat. Nevertheless, the lack of organic material that could provide cation exchange sites resulted in the very weak adsorption of Cr, Cu, and Zn.

In summary, Fe-coated peat sorbent showed properties that ensure a high sorption potential, and it could thus be effective for the simultaneous removal of metal (loid)s. These results agree with those of our previous study (Kasiuliene et al. [@CR25]), where it was pointed that adjusting the pH to the target contaminant could provide even higher removal capacity.

The modification of peat with Fe compounds has gained considerable scientific attention in recent years (Ansone et al. [@CR3]; Oliveira et al. [@CR36]). In addition to removing As, the increased sorption of V group metalloids, such as antimony and tellurium, by Fe-modified peat sorbents has also been reported (Ansone and Klavins [@CR2]). In contrast, the possibility of using waste-derived Fe sources for coating peat has seldom been discussed. Two million tonnes of Fe waste was produced in Sweden in 2015, and although the largest proportion is reused as raw material, approximately 20% is landfilled (Jernkontoret [@CR23]). Therefore, using waste materials rich in Fe to coat peat (also waste-based) would not only reduce the need to use virgin materials, but also would reduce the volume of waste intended for landfill.

Landfilling spent sorbents {#Sec19}
--------------------------

One of the main questions that arises when discussing adsorption is what management strategies should be applied with respect to the spent sorbent. However, the management and regeneration of spent sorbents are seldom addressed. If the sorbent is used to adsorb oxyanion forming elements, such as As, regeneration techniques are limited and/or expensive (Verbinnen et al. [@CR43]), and as As has a limited market, its recovery is not preferred. Thus, landfilling As-containing wastes has been the predominant management choice.

Iron-sand in this study was used as a control sorbent for iron-peat. As shown in the column adsorption experiment, both of the Fe-bearing sorbents adsorbed As to a similar extent. However, due to its large inert carrier proportion, iron-sand generates a considerable amount of spent sorbent. Because it could be disposed of at landfills for hazardous waste (based on the results from the standardised batch leaching test), and considering that the VS content in the iron-sand was \< 1%, landfilling could be the most reasonable final sink.

In contrast with iron-sand, peat-based sorbents had a high VS content (up to 93%). However, landfilling waste with a high organic loading can cause the undesirable production of landfill gases, and the negative impact of landfill gas on the greenhouse effect, which has been much addressed in scientific literature (e.g. Lou and Nair [@CR29]). For this reason, waste with more than 10% of organic content is not accepted at landfills in Europe. In certain circumstances, when type of waste does not fulfil the acceptance criteria, determined in the Council Directive 1999/31/EC, Annex II, and there is no other viable utilisation option, landfilling can be allowed if special permit is acquired. In this case, it is crucial to evaluate degradability of such waste under anaerobic conditions. In this study, BMP test, performed with spent peat and iron-peat, showed that gas production was supressed compared with the control inoculum samples. Microorganisms that are involved in anaerobic processes are sensitive not only to toxic metal (loid) s such as As, lead (Pb), or cadmium (Cd), but also to excessive doses of essential microelements, such as Cr, Cu, and Zn (Mudhoo and Kumar [@CR35]). Furthermore, the DOC values in the leachates from peat-based spent sorbents were below the limit values for non-hazardous landfill wastes. Therefore, landfilling such waste would not contribute to the potential risks often related to highly biodegradable waste.

Based on the results of standardised batch leaching test, spent iron-peat could be disposed of in hazardous waste landfills. However, as the concentration of As in the leachates from spent peat was found to be above the limits for hazardous waste landfills, the spent sorbent needs to be pre-treated prior to landfilling. Although thermally treating As-rich waste is complicated, because volatilisation of As can start at temperatures as low as 320 °C (Helsen et al. [@CR20]), fabric filters and electrostatic precipitators (that are present in modern waste incineration plants) can remove more than 99% of particulate matter (Jones and Harrison [@CR24]). Given the high organic matter content present in spent peat-based sorbents, thermal treatment coupled with energy recovery could thus be a viable option.

The standardised batch leaching test showed that As mostly exceeded guideline limits in all three sorbents (Table [3](#Tab3){ref-type="table"}). During the test, ultra-pure water was used as a leachant and aerobic conditions prevailed. However, landfills normally have anaerobic conditions. The mobility of metal (loid) s is governed not only by pH and the availability of sorption sites present in the system, but also by redox conditions, and the Eh in a landfill can drop as low as − 500 mV (Bozkurt et al. [@CR7]). During the low redox experiment, it was possible to obtain Eh value only as low as 47.7 ± 8.9 mV (Fig. [2](#Fig2){ref-type="fig"}b, e, h). However, the mobility of redox-sensitive As was substantially affected by the decreasing Eh values. At reducing conditions, 60% of adsorbed As leached out from spent peat (peat-1), and 'only' 22% leached out during oxidising conditions (peat-2, -3). The several-fold increase in As leaching occurred because As(V) is reduced to a more mobile and toxic As (III) at reducing environment (Corvin et al. [@CR13]). This is consistent with analysis conducted for As speciation (Table [5](#Tab5){ref-type="table"}). Arsinite was undetectable during oxidising conditions, but more than 30% of total detected As was present as As (III) at reducing conditions. During the low redox experiment, leaching of As from Fe-bearing spent sorbents was significantly lower compared with from spent peat, and the same behaviour was observed during the standardised batch leaching test. These results indicate that reductive dissolution of the main As-bearing phases (Fe-Mn oxides), which is largely responsible for As being released back to the leachate (Kumpiene et al. [@CR27]), was slower when the Fe concentration of the sorbent was higher.

The amount of As leached from the spent iron-peat during the low redox experiment exceeded the acceptable limit at landfills for hazardous waste. This outcome is different from the one obtained after the standardised batch leaching test. The low redox experiment lasted 200 days, and the prevailing reducing atmosphere may have caused decomposition of organic matter complexes (Bozkurt et al. [@CR7]; Mikutta and Kretzschmar [@CR32]), possibly involving As as well. Only 6% of the adsorbed As leached out from the spent iron-peat but considering that iron-peat adsorbed 1.01 g As kg^−1^, treatment of the leachate could become difficult. It would thus be necessary to pre-treat the spent iron-peat as well.

Iron-sand adsorbed slightly more than 0.12 g As kg^−1^ sorbent during the column adsorption test. However, although, nearly 8% of the adsorbed As leached out during the low redox experiment, the spent sorbent could still be considered a hazardous waste. However, as the As concentration in the leachate gradually increased over the time, increased concentrations of As would eventually be released into the leachate due to the dissolution of Fe hydroxides induced by the decreasing Eh.

The importance of microbial reduction of Fe hydroxides and thus the release of As cannot be ruled out in a full-scale landfill. Furthermore, the Eh in landfill can drop much lower than the value it reached during the low redox experiment, which would thus complicate treatment of the leachate.

The mobility of many other toxic metal (loid) s, including Cr, Cu, and Zn, is usually low under conditions generally found in mature landfills (Bozkurt et al. [@CR7]). Therefore, based on Cr, Cu, and Zn, leaching during the standardised batch leaching test, spent peat, and iron-peat could be deposited of at inert waste landfills. However, leaching of these elements increased over prolonged contact with the leachant during the low redox experiment, and in the case of Cu and Zn, classification of landfill type shifted from the inert towards the hazardous landfill type. In addition, leaching of Cr during the low redox experiment exceeded the limit values for hazardous waste landfills, and there was also an increased leaching tendency of Cr, Cu, and Zn. Hydrolysis of organic matter, in particular hydroxylic groups, possibly occurring on the surface of peat (Koloczek et al. 5), may have caused desorption of positively charged Cr (III), Cu and Zn.

Concluding remarks {#Sec20}
==================

Peat effectively adsorbed Cr, Cu, and Zn, whereas approximately 50% of inlet As was detected in the eluent. Iron-sand was effective only for adsorbing As, but Cr, Cu, and Zn were poorly adsorbed. Only iron-peat showed the simultaneous removal of all tested metal (loid)s. Therefore, a combination of two active sorbents, peat and Fe, is necessary for a single-step adsorption process. In addition, it would be beneficial to use waste-based materials to prevent the use of virgin materials in making the iron-peat sorbent and reduce the volume of waste intended for landfilling.

Leaching of As was a decisive factor in determining the landfill type for the spent sorbents. Based on the standardised batch leaching test, spent iron-peat and iron-sand sorbents could be disposed of at hazardous waste landfills. However, oxidising conditions, which prevailed during the standardised batch leaching test, could have led to an underestimation of redox-sensitive As leaching. Substantially higher amounts of As leached out from the spent sorbents at reducing atmosphere compared with the oxidising one. Furthermore, the reducing conditions caused As(V) to be reduced to the more-toxic As (III): therefore, the potential of increased amounts of As(V) and As (III) occurring in the landfill leachate is high. Decreasing Eh potential affected leaching of Cr, Cu, and Zn to a lesser extent.
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